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Hsp90The molecular chaperone Hsp90 has been discovered in the heat-shock response of the fruit ﬂy more than
30 years ago. Today, it is becoming clear that Hsp90 is in the middle of a regulatory system, participating
in the modulation of many essential client proteins and signaling pathways. Exerting these activities,
Hsp90 works together with about a dozen of cochaperones.
Due to their organismal simplicity and the possibility to inﬂuence their genetics on a large scale, many studies
have addressed the function of Hsp90 in several multicellular model systems. Deﬁned pathways involving
Hsp90 client proteins have been identiﬁed in the metazoan model systems of Caenorhabditis elegans, Dro-
sophila melanogaster and the zebraﬁsh Danio rerio. Here, we summarize the functions of Hsp90 during muscle
maintenance, development of phenotypic traits and the involvement of Hsp90 in stress responses, all of
which were largely uncovered using the model organisms covered in this review. These ﬁndings highlight
the many speciﬁc and general actions of the Hsp90 chaperone machinery. This article is part of a Special
Issue entitled: Heat Shock Protein 90 (HSP90).erase; TPR, tetratricopeptide-
hock Protein 90 (HSP90).
sevier B.V.© 2011 Published by Elsevier B.V.1. Introduction
Hsp90 is a molecular chaperone [1], which stabilizes, activates and
regulates client proteins together with a cohort of cochaperones.
Hsp90 is an essential protein in eukaryotes and interacts with more
than 200 client proteins [2–5]. Many of these clients are signaling ki-
nases, transcription factors and other proteins involved in signal
transduction. Additionally, Hsp90 also operates in vesicle transport
and telomerase regulation [6,7].
Hsp90 proteins from several organisms have been studied, and
todaymost of the knowledge relates to yeast and culturedmammalian
cells, including a large number of in vitro studies aimed at understand-
ing the mechanism of Hsp90's action. A mechanism for the ATP-hy-
drolysis by Hsp90 has emerged, suggesting that nucleotide-induced
conformational changes and domain rearrangements in Hsp90 are re-
quired for the regulation of the client proteins [8]. This enzymatic ac-
tivity is observed in all known Hsp90 proteins and also the regulatory
function of Hsp90-cochaperones is conserved in eukaryotic species.
Some of these cochaperones, like p23, Hop/Sti1 or Cdc37 (Table 1), de-
crease the turnover rate of Hsp90 while others, like Aha1, strongly
stimulate it by inﬂuencing the rate of the domain rearrangements [9].
Beyond single-cell models it is important to learn about the oper-
ation of Hsp90-cochaperone systems in higher organisms and theirvarious tissues. Especially, as large efforts are made in cancer patients
to restrain cancer growth based on the inhibition of Hsp90 [10], it is
important to consider the many activities of Hsp90 in metazoans. A
picture of Hsp90's indispensability in the context of multicellular or-
ganisms is emerging. In this article we review the current literature
of Hsp90 and Hsp90-cochaperones in metazoan systems, focusing
on the nematode Caenorhabditis elegans, the fruit ﬂy Drosophila mela-
nogaster and the zebraﬁsh Danio rerio. Importantly, all three of them
are targeted by large-scale projects to identify speciﬁc knockout mu-
tations and other genome-wide high-throughput technologies, like
RNA interference and two-hybrid analyses. As a result, a wealth of
data has been generated concerning Hsp90 and its cochaperones
and it is our aim to summarize these data in this article.2. Hsp90 systems in metazoan organisms
In mammals as well as in yeast two closely related isoforms of
Hsp90 are present in the cytosol, which are differentially regulated
in tissues and by various forms of cellular stress [3,11]. Interestingly,
in zebraﬁsh, three isoforms of Hsp90 can be found, while C. elegans
and D. melanogaster contain only one Hsp90 homolog. Hsp90 pro-
teins are highly conserved and clearly show the features of all cyto-
solic Hsp90 proteins from eukaryotes, like the C-terminal interaction
site for TPR-domain containing cofactors composed of the amino
acids MEEVD [12,13] and the extended linker-region between its
N-terminal and middle domain [14]. Beyond these proteins, which
constitute the cytosolic Hsp90 system, there are also ER-based and
mitochondrial Hsp90 homologs (GRP94 and TRAP-1, respectively).
Table 1
Genes of the Hsp90 cochaperone network in metazoan model systems.
Protein name in text H. sapiens S. cerevisiae C. elegans D. melanogasterd D. rerio
ensembl.org yeastgenome.org wormbase.org ﬂybase.org zﬁn.org
~ 1013–1014 cells 1 cell ~ 103 cells ~ 105–106 cells ~ 108–109 cells
Hsp90 HSP90AA1 HSP82, HSC82 daf-21 Hsp83 hsp90a.1, hsp90a.2
HSP90AB1 hsp90ab1
Hop/Sti1 STIP1 STI1 sti-1 Hop stip1
p23 PTGES3 SBA1 ZC395.10 CG16817 ptges3a, ptges3b
FKBPs FKBP4, FKBP5 fkb-6 FKBP59 fkbp4, fkbp5
PPID PPID CPR6, CPR7 a CG8336 ppid
PP5 PPP5C PPT1 pph-5 PpD3 zgc:110801
Cdc37 CDC37 CDC37 cdc-37 Cdc37 cdc37
Sgt1 SGTA, SGTB SGT2 sgt-1 Sgt sgta, zgc:55741
SUGT1 SGT1 b b zgc:103668
CHIP STUB1 chn-1 CHIP stub1
Aip AIP, AIPL1 C56C10.10 CG1847 aip, LOC100534741
Cns1 TTC4 CNS1 C17G10.2 Dpit47 ttc4
Unc45a UNC45A (GC-) unc-45 unc45a
Unc45b UNC45B (SM-) c unc-45 unc45b
Aha1 AHSA1 AHA1 C01G10.8 CG1416 ahsa1l, ahsa1
a The PPID-homolog cyn-2 is not included as it lacks the TPR-domain.
b The SUGT1-homologs D1054.3 (C. elegans) and Sgt1 (D. melanogaster) are not included as they lack the TPR-domain.
c The Unc45-homolog SHE4 is not included as it lacks the TPR-domain.
d Photo by André Karwath, Wikimedia Commons, cc-by-sa.
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sent in all metazoan model systems, but absent in yeast [15–19].
It is important to deﬁne the constituents of the respective Hsp90
systems from different organisms. Several efforts to do this using a
large number of genomic sequences have been made in the last
years [20,21]. Based on genomic analysis and literature, we assem-
bled the Hsp90 cochaperone network of the three metazoan model
organisms covered in this review (Table 1). Hsp90 cofactors are
known to inﬂuence the ATP hydrolyzing activity of Hsp90 and arrest
deﬁned conformations during the hydrolysis cycle. While several
cochaperones interact with the N- and middle domain of Hsp90,
TPR-domain containing cofactors, like Hop/Sti1, PP5, FKBPs and
PPID (formerly Cyp40) are known to interact with the C-terminal
MEEVD motif of Hsp90. Cochaperones presumably also inﬂuence
the client speciﬁcity of Hsp90. In general, most of the cochaperones
that are known from yeast and mammalian Hsp90 systems are pre-
sent in nematodes, fruit ﬂies and zebraﬁsh. Some cochaperones,
which are not encoded in the yeast genome, but known from mam-
malian Hsp90 studies, like CHIP or the aryl-hydrocarbon receptor
interacting protein AIP, can also be found in the lower metazoan spe-
cies. It is likely that with increasing complexity of an organism, addi-
tional cofactors are required [20]. Also, the cofactor Unc45 contains
an additional Hsp90-interacting TPR-domain in higher eukaryotes,
which it lacks in the yeast homolog She4p [22,23]. All three model
systems described here, share the TPR-containing form of Unc45.
Concerning the expanded cochaperone base in metazoans, it is far
from clear to what extent the complexity of the Hsp90-system in-
creases from a single- to multicellular organism, as many Hsp90
interactors might remain undiscovered to date. In this respect it is in-
teresting to note, though, that there is a non-conserved utilization of
PPIase-classes within the Hsp90-cochaperone networks. While yeast
contains two cyclophilin-like PPIases with an Hsp90-interactingTPR-domain, Cpr6 and Cpr7, the nematode genome encodes only
one TPR-containing PPIase of the FKBP-class, FKB-6. Human, Drosoph-
ila and zebraﬁsh instead possess both PPIase-classes as part of the
Hsp90 network. This hints to a certain redundancy in the Hsp90
systems regarding this cofactor and its client spectrum. Further re-
dundancies appear also in the genome of zebraﬁsh, where the cofac-
tors p23, Aha1, Unc45 and also Sgt1 are present in two different
paralogs.
Despite these changes in the number of cofactors and homologs,
the cytosolic Hsp90 system is generally well conserved in respect to
sequence similarity between the different species. Homologs from
yeast and human already share sufﬁcient similarity to unambiguously
assign the respective proteins [8]. The same is true among all metazo-
an model systems. Only a few surprising deviations in domain organi-
zation can be observed. Among the proteins in Table 1, the most
striking deviation concerns the protein Hop/Sti1. In most eukaryotes
Hop/Sti1 is composed of ﬁve domains: TPR1, DP1, TPR2A, TPR2B
and DP2. Differences, however, exist between human, nematode
and Drosophila forms. While Drosophila Hop does not contain the
DP1 domain, the nematode protein lacks the TPR1 and the DP1 do-
main [24,25]. This raises questions about the function of the protein,
as the TPR1 domain is thought to be required to link the Hsp90 and
Hsc70 chaperone systems together. Thus, deﬁned alterations to the
domain organization of Hsp90 cochaperones exist, although they
occur very rarely.
In yeast, most of the factors of the Hsp90 system are expressed
within a single cell, albeit at different levels [26]. Expression is not
uniform among tissues of the metazoan model systems. Genome-
wide promoter analyses addressed the expression of most proteins
in the nematode Caenorhabditis elegans [27]. The results, which
can be accessed online at www.wormbase.org, reveal an individual
expression pattern for most of the Hsp90 cofactors (Table 2). One
714 V. Haslbeck et al. / Biochimica et Biophysica Acta 1823 (2012) 712–721should note though that many studies utilize transcriptional report-
er systems composed of promoter fusions to ﬂuorescent proteins,
which cannot account for the contribution of the protein itself and
its cellular life time. Databases also provide expression data in spa-
tial and temporal resolution for Drosophila (www.ﬂybase.org)
and for the vertebrate Danio rerio (www.zﬁn.org). High resolution
imaging techniques allow the detection of the expression proﬁles
of organs and even individual cell types in the fruit ﬂy and zebraﬁsh.
Expression of Hsp90 and its cofactors is found at almost every larval
stage and in different organs, though at varying levels. TheTable 2
Expression patterns of the Hsp90 chaperone network.
Protein name in text C. elegans gene Expression pattern in C. elegans
Hsp90 daf-21
Unc45 unc-45
CHIP chn-1
Hop/Sti1 sti-1
p23 ZC395.10
Sgt1 sgt-1
PP5 pph-5
FKBPs fkb-6
Cns1 C17G10.2
Cdc37 cdc-37 embryonal expression
Aha1 C01G10.8 no expression pattern available
Aip C56C10.10 no expression pattern
available
For clarity reasons, we use a consensus name for the homolog proteins throughout the text, w
Virtual Worm Project. Expression is mentioned for the certain tissues for C. elegans. Abbrevia
(vulval muscles), PM (pharyngeal muscle), IM (intestinal muscle), Int (intestine), Sp (s
transparent beige in case of hypodermal expression.ubiquitous nature of most Hsp90 cofactors hints to a multitude of
activities of these proteins in the complex tissues of higher eukary-
otes. As these organs usually are composed of several different cell
types, it will be interesting to see, whether the cell and tissue spec-
iﬁcity found in nematodes will be reiterated, as soon as expression
data on a cell type level are available for the cochaperone network
in these organisms.
Hsp90 itself is expressed in many different cell types in nematodes
highlighting the ubiquitous presence of its client proteins. Based on
the expression patterns it becomes evident that cofactors, which areC. elegans tissues
Germline, Int, Gonads,
Neurons, BWM
BWM, IM, PM, VM
BWM, DisTCell, Germline,
Gonad, Hypo, Int, Ph
BWM, Gonad, Int, Ph, PM, Sp
BWM, Neurons, Ph,
RepSys, VM
BWM, Int, Ph
Int
BWM, Ph, Hypo, Neurons
BWM, Neurons, Int, Ph,
RepSys, VM
Embryo
hich is shown in the left column. Expression pictures have been kindly provided by the
tions are: BWM (body wall muscles), Ph (pharynx), RepSys (reproductive system), VM
permatheca), Hypo (hypodermis), DisTCell (distal tip cell). Patterns are overlaid by
Non-stressed Stressed 
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expressed almost ubiquitously in C. elegans, whereas some of the co-
factors like PP5, Sgt1 and Unc45 are produced in deﬁned tissues
(Table 2). Studying the differential expression patterns of the
Hsp90-cochaperones hints to their cellular activities, as tissue speciﬁc
expression certainly will correlate with function. It may be the myo-
sin-speciﬁc Hsp90-cofactor Unc45, for which the correlation between
its cellular relevance and its muscle cell-speciﬁc expression becomes
most evident.Fig. 1. Model for the localization and function of Hsp90 and Unc45 action in muscle
cells. Based on work in zebraﬁsh Hsp90 (light green) and Unc45 (light blue) are loosely
associated to the Z-line (gray) and colocalize to the Z-line associated capping protein
CapZ (light blue) under non-stress conditions. In case of stress or lesions (right) both
proteins translocate to the A-band of the muscle where they may safeguard unfolding
or destabilized myosin (blue and red thick ﬁlaments). Filamentous actin is depicted as
green (non-stressed) or red (stressed) ﬁlaments [41].3. Hsp90 participates in muscle development together with Unc45
The TPR-containing cofactor of Hsp90, Unc45, has long been
known to be involved in the maintenance of motility. In fact, Unc45
had originally been discovered in 1974 in large scale screens of mu-
tated C. elegans strains by Sydney Brenner as allele e286 [28]. This al-
lele was shown to be responsible for a motility defect, resulting in the
assignation of the ‘unc–’ identiﬁer, which relates to the ‘uncoordi-
nated’ movement of the nematodes. Further characterization of the
strain unc-45(e286) showed that the unc-phenotype was inducible
and reversible by temperature shifts during larval stages [29]. Later,
a point mutation in the myosin binding UCS domain of Unc45
(L822F) was assigned to the allele e286 [23]. Unc45 is attached to
and implicated in the correct assembly of thick ﬁlaments in the nem-
atode muscle cells [30,31]. In C. elegans the 95 striated body wall mus-
cle cells form one of the largest tissues in the adult organism [32].
Muscle cells are positioned in double rows in four longitudinal quad-
rants. In adult nematodes Unc45 is expressed intensively in muscle
cells [33].
Extensive studies by the Straehle group and others highlighted
Hsp90 and Unc45 both being relevant for the formation of myosin ﬁ-
bers also in zebraﬁsh [34–36]. Truncation of Hsp90a.1 in zebraﬁsh
completely disrupts thick and thin ﬁlament organization [37,38]. It
is noteworthy that a high degree of specialization of the Hsp90a iso-
form has taken place in this organism. Although both are expressed
in skeletal and cardiac muscles, only knockdown of Hsp90a.1 de-
velops a muscular phenotype with immotile embryos and disorga-
nized myoﬁbrils. Depletion of Hsp90a.2, however, has almost no
effect on myoﬁbrillogenesis [38,39]. An Unc45 mutant in zebraﬁsh
was initially named steif, relating to the stiffness of the body structure
in the event of Unc45 loss [40], a phenotype that closely resembles
knockdown of the muscle speciﬁc Hsp90a.1 [39]. Studies in this
model system revealed a surprising plasticity of Hsp90a.1 and
Unc45, which both change their subcellular localization upon muscle
lesion [41]. Apparently, Unc45 and Hsp90 are retained at the Z-line in
a highly dynamic state and move to become associated to the A-band
after damage (Fig. 1). This study highlights a potential repair function
of ﬁber-bound Unc45 and Hsp90, which is obvious in response to le-
sions, but also might be constantly required under normal growth
conditions as well. Also the protein levels of Unc45 are tightly regu-
lated. Hoppe and coworkers could identify a CHIP-dependent degra-
dation pathway of Unc45 in nematodes. The E3/E4-ligase CHIP was
initially identiﬁed as a cochaperone of Hsp70 that also interacts
with Hsp90 [42,43]. The C. elegans ortholog CHN-1 was shown be
responsible for the polyubiquitylation of Unc45 in vivo together
with the E4 conjugating factor UFD-2 [44]. Hence, another member
of the Hsp90 network is directly responsible for the regulation of
Unc45.
A systematic RNAi screen targeting muscle development in D. mel-
anogaster conﬁrmed the conserved role of Hsp90 and its cofactor
Unc45. The muscular depletion of Hsp90 or Unc45 was lethal in
early development. Both knockdowns cause defects in myoﬁbril orga-
nization [45]. A recent study afﬁrmed by rescue experiments that the
cochaperone Unc45 is indispensible for myosin ﬁbril organization in
the ﬂy muscle [46].The function of Unc45 is not restricted to muscle cells, though. In
zebraﬁsh, mouse and human two Unc45 isoforms have been identi-
ﬁed which are differentially expressed in either various tissues
(Unc45a or general cell GC-Unc45) or exclusively in cardiac or skele-
tal muscle cells (Unc45b or striated muscle SM-Unc45)[34,39,47]. In
most tissues of higher eukaryotic organisms like zebraﬁsh the
Unc45a isoform is responsible to safeguard non-muscular myosin,
which is needed for general cellular processes like cytokinesis and
cell migration [48]. This distinction is not found in nematodes and
Drosophila [47,49,50]. Here, beyond its function in muscle cells, the
sole Unc45-paralog additionally cooperates with the non-muscle my-
osin II (NMY-2) in early embryogenesis to establish polarity and en-
sure correct cytokinesis [51,52].
It is still unclear how Unc45 and Hsp90 work together. At the N-
terminus, Unc45 contains a TPR-domain with close homology to the
TPR-domains shared by several other Hsp90 cochaperones [33]. In
vitro studies indicate that Unc45 binds to Hsp90 via this domain
[53]. It additionally contains a UCS (Unc-45/CRO1/She4p) domain at
its C-terminus, which was shown to be responsible for type II myosin
binding and Hsp90-dependent folding of the myosin motor domain.
Furthermore, Hsp90 stabilizes the myosin motor domain and pre-
vents its aggregation in vitro [53–55] and it was shown that a com-
plex of Unc-45, Hsp90 and the myosin II protein Unc-54 can be
detected in vitro [53].
In muscular cells it remains an open question, whether the in-
volvement of Hsp90 is required at the assembled myoﬁbrils, or
whether Hsp90 and Unc45 cooperate to chaperone the folding of mo-
nomeric myosin proteins. Cooperation of both proteins may not be a
conserved feature in yeast, as the Unc45 homolog She4p lacks the
Hsp90-interacting TPR-domain. She4p appears to work indepen-
dently of Hsp90 to chaperone myosins [56,57]. Thus, it is possible
that this very speciﬁc activity of Hsp90 is a feature arising together
with the development of a highly specialized muscular tissue in
metazoans.4. Development of Hsp90-dependent phenotypic traits
It is well known that Hsp90 dependent processes are not restrict-
ed to muscle development. A large study by the Lindquist group
revealed that mutations of Hsp90 or its inhibition by the small mole-
cule geldanamycin, lead to multiple phenotypic traits in fruit ﬂies
[58]. As such, defects to wings, antennas and eyes were observed.
These appear to establish during development and culminate in al-
tered structures in the adult organism. Development of these organs
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that the disruption of these pathways leads to the appearance of the
phenotypes. Hsp90 seems to buffer genomic mutations and in this
manner prevents the origination of the corresponding phenotypes.
Upon disruption of the Hsp90 system, previously buffered genetic
variations can become phenotypic traits and the continuous selection
for them leads to their stable manifestation [58–60]. A recent study
shows that a compromised function of Hsp90 can also lead to pheno-
typic traits related to the behavior of fruit ﬂies [61]. Regarding the
phenotypic variation caused by impaired Hsp90 activity it is interest-
ing to note that a direct molecular interaction of the Drosophila ortho-
log Hsp83 with the chromatin remodeling factor trithorax (Trx) was
detected, which suggests a role of the chaperone in the inheritance
of epigenetic information [62,63]. A certain effect of Hsp90 in the si-
lencing of transposons could contribute to alterations of phenotypic
variation [64,65]. Hsp90 additionally was shown to be involved in
the loading of siRNA onto Argonaute proteins of the RISC complex
[66,67]. As a result of these widely involved regulatory networks, ap-
parently a remarkable phenotypic diversity can originate, if Hsp90 ac-
tivity is impaired in D. melanogaster. Interestingly, also in zebraﬁsh,
inhibition of the Hsp90 system leads to a diverse set of phenotypicdegradation
Tubulin nucleation
D. melanogaster spindle formation
Polo
Polo
Ras
GDP
Ras
GTP
D. melanogaster eye development
Mek
P
Raf
Mek
MAPK
MAPK
P
Se
v
P
PKC-3
PAR-6 P
C. elegans cell pol
Cd
c3
7
Fig. 2. Potential interactions of the Hsp90–Cdc37 complex with kinase signaling pathways. T
D. melanogaster and for vulva induction in C. elegans are depicted to the left and right side of
receptor tyrosin kinase, which initiates via several steps a nucleotide exchange in Ras/LET-6
nase, which then performs downstream signaling. Direct involvement of Hsp90 and Cdc37 in
Hsp90 suggests likewise in the analogous C. elegans pathway [98]. In the lower panels, WEE
phorylates CDK-1, but is degraded upon Hsp90 knockdown [91]. Similarly, the Polo kinase,
degraded, if Hsp90 is compromised, leading to defects in spindle formation [103]. Cdc37 an
the PKC-3, PAR-6, PAR-3 complex which is not properly localized without Cdc37 [83,84,87]traits, including small heads, reduced notochords and deformed
axes as well as the cyclopia-phenotype in a certain genetic back-
ground [68,69].
Beyond taking part in these general regulatory pathways de-
scribed above, speciﬁc Hsp90 client proteins, in particular protein ki-
nases, are also directly involved in the signaling cascades regulating
developmental decisions. In the last decades, Hsp90 together with
its kinase-speciﬁc cofactor Cdc37, has been identiﬁed as crucial for
the activation of many cancer related kinases in humans like Raf1,
v-Src, Cdk4 or Akt [70–74]. The apparent role of Cdc37 in these com-
plexes is to guide the kinases to the Hsp90 chaperone machinery for
full maturation or prevention of degradation. Thus, defective develop-
ment and cell signaling can also be caused by the impaired chaperon-
ing of kinases.
First evidence that Hsp90 and Cdc37 work together during the
manifestation of certain phenotypes, arose from Drosophila studies
on eye development. Cdc37 and Hsp90 were found in the pathway
of the receptor tyrosine kinase sevenless which is involved in the de-
velopment of the insect compound eye (Fig. 2). Certain mutations in
Hsp90 and Cdc37 were shown to impair sevenless signal transmission,
leading to the formation of ommatidia with an incorrect number ofC. elegans vulva/germline development
MEK-2
P
MEK-2
MPK-1
MPK-1
P
LIN-45
LET-60
GTP
LET-60
GDP
LE
T-
23
P
C. elegans gonad development
degradation
WEE-1.3
WÉE-1.3
CDK-1CDK-1
P
AR-3
arity induction
he receptor tyrosin kinase (RTK) pathways responsible for correct eye development in
the central Hsp90 molecule. Both pathways are highly analogous. The ligand binds to a
0. Ras-GTP in turn will promote membrane association and activation of Raf/LIN-45 ki-
the D. melanogaster sevenless pathway has been shown [77] and phenotypic analysis of
-1.3 kinase is of major importance for gonad development in C. elegans. It usually phos-
which is required for tubulin nucleation is stabilized by Hsp90 in D. melanogaster and
d potentially Hsp90 also contribute to cell polarity in C. elegans. The top middle depicts
.
717V. Haslbeck et al. / Biochimica et Biophysica Acta 1823 (2012) 712–721photoreceptors [75,76]. Further studies revealed a direct interaction
of Hsp90 and Cdc37 with Raf, a kinase that is positioned downstream
of sevenless in the same signaling cascade [77,78]. Hence, Cdc37 plays
a crucial role in cooperation with Hsp90 in signaling and develop-
ment of certain tissues of higher eukaryotes.
Also the reduction of Hsp90-levels causes developmental defects
in nematodes. While a heterozygous C. elegans knockout strain of
Hsp90 can be maintained, a homozygous knockout of Hsp90 leads
to arrested growth in early larval stages [16]. Already the dsRNA-me-
diated Hsp90-knockdown induces abnormalities in development and
growth of nematodes [25,79]. These studies let conclude a crucial role
of the chaperone in several developmental processes. In particular,
knockdown of Hsp90 leads to a protruding vulva phenotype in C. ele-
gans. This implies irregularities during the processes, which are initi-
ated by the ‘anker cell’ and trigger the differentiation of surrounding
hypodermal cells to form the vulva structure. Interestingly, knock-
down of Cdc37, LET-60, MEK-2 or MPK-1 in nematodes, similar to de-
pletion of Hsp90, can give rise to the protruding vulva phenotype,
implying that this phenotype might be related also to the malfunction
of a kinase, which is dependent on the Hsp90 system [80] (Fig. 2). The
signaling pathway responsible for this developmental step is analo-
gous to the sevenless pathway in Drosophila and controlled by the re-
ceptor tyrosine kinase LET-23 [81]. Thus, disrupting the tissue-
speciﬁc signaling networks by interfering with the Hsp90 system
may lead once again to the irregular structures observed during de-
velopment. Further, it is important to note, that the interaction of
Hsp90 and Cdc37 with the client protein Raf was among the ﬁrst
identiﬁed interactions of Hsp90 with a client protein in human cells
[71]. In particular, the conserved nature of speciﬁc chaperone-client
protein interactions highlights the relevance of model organisms in
understanding the function of Hsp90 also in human cells.
The participation of Cdc37 together with Hsp90 becomes further
evident in very early developmental steps. In C. elegans, Cdc37 ex-
pression was mainly detected in the early embryo, where RNAi stud-
ies revealed an important role of the cochaperone in the ﬁrst
asymmetric cell division [82]. In the early embryo, Cdc37 is required
for the correct asymmetric localization of PAR-3, PAR-6 and the activ-
ity of the atypical protein kinase C PKC-3, which are prerequisites for
proper early cell divisions [83,84] (Fig. 2). Pathways involved in cellu-
lar polarization are also affected in Hsp90-mutant strains of D. mela-
nogaster. Here, two mRNAs, nanos and pgc, are mislocalized in the
embryo and levels of the protein LKB1 are reduced, a protein kinase
that warrants the correct polarization of the oocyte cytoskeleton.
Overexpression of LKB1 in the Hsp90 mutants rescues pgc localization
and implies that Hsp90 acts in stabilizing and activating the kinase
[85]. Even the localization of the Hsp90 mRNA is a highly controlled
process in Drosophila embryogenesis, as it is enriched at the posterior
pole of the embryo [86]. It is interesting to note, that also in human
cells both kinases, LKB1 and aPKC, were found in complex with
Cdc37 and Hsp90, where they participate in the polarization of cells
and assist in deﬁning the apical side of epithelia [87]. The similarities
between different model systems and the human system show that
the conserved features of Hsp90-dependent kinase maturation may
go well beyond the ﬁrmly established client protein Raf-kinase and
potentially include also a conserved participation of Cdc37 and
Hsp90 in the regulation of entire signaling pathways.
5. Hsp90-dependent processes during the development of germ cells
Besides in somatic tissues, Hsp90-dependent processes also exist
during the development of germ cells. In untreated nematodes
Hsp90 is predominantly detected in germline tissues [88], which is
consistent with the expression patterns in D. melanogaster [89]. In
nematodes, the knockdown of Hsp90 leads to severe defects in oogen-
esis [90,91]. Oocytes stop cell divisions but maintain their DNA repli-
cation to become ‘endomitotic oocytes’ (emo). Similar endomitoticoocytes were obtained in knockdown experiments targeting the ki-
naseWEE-1.3 [92–94]. In human cells,Wee1 inactivates the cyclin-de-
pendent kinase Cdc2 (CDK-1 in C. elegans) by phsophorylation (Fig. 2)
[95–97]. Indeed, phosphorylation levels of CDK-1 are drastically de-
creased by wee-1.3(RNAi) as well as daf-21(RNAi) in nematodes.
Also, cellular levels of WEE-1.3 decrease upon Hsp90 knockdown.
This suggests that Hsp90 is responsible for the stability of this protein
kinase and thus for proper CDK-1 phosphorylation in the gonads of
nematodes contributing to a stringent regulation of cell cycle progres-
sion (Fig. 2) [91]. A recent study investigated germline development in
nematodes by extensively employing a phenotypic proﬁling analysis.
The effect of gene knockdown of 554 essential genes on the architec-
ture of the gonads was analyzed and classiﬁed to produce a compre-
hensive gene network for germline development in C. elegans [98].
This study also suggests the participation of Cdc37 and Hsp90 in
Raf/LIN-45 or MEK-2 kinase regulation during the nematode germline
development (Fig. 2).
Beyond the germline defects observed in nematodes, mutations
reducing the expression levels of Drosophila Hsp90 lead to sterility
in ﬂy males due to severe problems in microtubule organization dur-
ing spermatogenesis [99]. Here, the association of Hsp90 to the cen-
trosome is altered in certain mutants and this was suggested to be
responsible for the cytoskeletal defects [100]. In the late 1980s the
Drosophila Polo kinase was identiﬁed among others to be required
for cell division and spindle pole formation [101,102] and several
years later Hsp90 was proven to be responsible for maintaining sta-
bility and activity of the Polo kinase which is indispensable for correct
spindle organization in Drosophila [103,104] (Fig. 2). Another impor-
tant mitotic kinase is associated with Cdc37 in Drosophila. Knock-
down of Cdc37 and Aurora B showed impaired cytokinesis with
defects in chromosome segregation. Geldanamycin treatment re-
duced Aurora B levels and Hsp90 was detected in complex with
Cdc37 and the kinase [105]. In summary, both metazoan model or-
ganisms, C. elegans and D. melanogaster, revealed the essential role
of Hsp90 in critical steps of germ cell development and cell division.
Apart from Hsp90 itself, another member of the chaperone net-
work is associatedwith defects in the reproductive tissue. Knockdown
of the Hsp70–Hsp90 organizing protein Hop/Sti1 produces a synthetic
phenotype with full sterility and endomitotic oocytes as well as dis-
placement or lacking of the gonads in the genetic background of the
strain PS3551/(hsf-1(sy441)) [25]. Up to now, Hop/Sti1 has only been
implicated in the activation of steroid hormone receptors (SHRs) in
cooperationwith Hsp90 [106–108]. However, other activities are like-
ly given the fact that Saccharomyces cerevisiae features a Hop/Sti1 ho-
molog but does not encode any SHRs. As Hop/Sti1 and Hsp90
knockdowns are both associated with similar gonad defects, it is pos-
sible that these proteins cooperate also in vivo in regard to the devel-
opment of this tissue. Whether the Hop/Sti1 and the WEE-1.3
dependent processes are connected is unknown. Both proteins may
also be required at different stages during the tremendously complex
events leading from the continuous division of a syncytial nucleus at
the tip of the gonad to the generation of a functional oocyte.
6. Hsp90 participation during the regulation of stress pathways
Hsp90, like several other heat-shock proteins, was initially discov-
ered during work on the salivary glands of Drosophila [109–111].
Upon exposure to heat stress, one of the few strongly upregulated
proteins was Hsp90, but despite its increase in expression it was not
clear, what the speciﬁc function of Hsp90 during heat shock might
be. It is now clear, that Hsp90 – besides being a molecular chaperone
– is a regulator of the heat shock factor Hsf1, which is the main acti-
vator of the stress response [112–117]. Direct binding of Hsp90 to
Hsf1 in vivo was detected in Xenopus oocytes. Injection of antibodies
against Hsp90 induced the heat shock response and – similarly to
treatment with geldanamycin – prolonged the recovery from heat
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Fig. 3. Hsp90 involvement in the developmental decision to enter the dauer state in C.
elegans. In chemosensory neurons the guanylate cyclase DAF-11 increases cGMP levels
upon favorable signals. Hsp90 supports this process [16]. As cGMP levels are high, TGFβ
and insulin-like growth factors are released as neuroendocrine factors. In endocrine
cells, the TGFβ receptor complex composed of DAF-1 and DAF-4 transmits a signal to
the DAF-14/DAF-8 complex. IGFs are recognized by its receptor DAF-2 and increase
PI3 levels by AGE-1 activation. DAF-16 in turn is phosphorylated and deactivated (ad-
ditional factors are omitted for clarity). DAF-14/DAF-8 activation and DAF-16 inactiva-
tion lead to the synthesis of dafachronic acid [129]. In target tissues, binding of this
steroid hormone to DAF-12 is responsible for DAF-12's pro-reproductive activity. The
E292K-Hsp90 mutant leads to a very high incidence of dauer entry even at normal
growth conditions.
718 V. Haslbeck et al. / Biochimica et Biophysica Acta 1823 (2012) 712–721stress [118,119]. Also in Drosophila cells, the reduction of Hsp90 levels
resulted in the induction of the heat shock response [120]. Thus,
Hsp90 can act as a repressor of the heat shock response.
Several lines of evidence furthermore suggest a role of Hsp90 dur-
ing stress responses in nematodes. As such, the knockout of Hop/Sti1
causes increased temperature sensitivity as well as a reduced brood
size at elevated temperatures [121]. Further, nematode larvae enter-
ing the stress resistant dauer state show a strong up-regulation of
Hsp90 [122] and a reduction of Hsp90 levels by RNAi can lead to
the increased formation of dauer larvae [123]. Congruently, nematode
Hsp90 was identiﬁed as the product of the gene daf-21 (dauer forma-
tion-21) in the context of the analysis of a mutant allele that dis-
played a high incidence of dauer larvae also in the absence of dauer
pheromone [16]. This strain (daf-21(p673)) carries a single point mu-
tation in Hsp90 that exchanges a highly conserved glutamate residue
to lysine at position 292. As mutations in the gene for the transmem-
brane guanylyl cyclase DAF-11 cause the same phenotype and cGMP-
analogs rescue the dauer phenotype of both mutants, it was sug-
gested that DAF-11 and Hsp90 act in the same pathway (Fig. 3).
DAF-11 and Hsp90 both are expressed in chemosensory neurons
[124,125] and appear to also cooperate in neuronal cells controlling
dauer formation (Fig. 3) [16]. The developmental decision to enter
the dauer state is initiated in response to environmental signals and
is suppressed by the insulin-like growth factor IGF-1, TGFβ and
cGMP signaling [126,127], which initiate the synthesis of the steroid
hormone dafachronic acid. At the end of the dauer cascade, the ste-
roid hormone receptor like protein DAF-12 is activated in the pres-
ence of dafachronic acid and ensures non-dauer development
[128,129]. As steroid hormone receptors are well studied client pro-
teins of Hsp90 [130,131], it may be speculated that DAF-12 is a candi-
date for a second client protein within the pathways controlling the
dauer decision (Fig. 3). The participation in the regulation of these
pathways underscores the notion that Hsp90's tasks reach beyond
those of a chaperone. On the one hand Hsp90 can facilitate the folding
of substrates and on the other it acts – at least for Hsf1 – as a con-
served regulator, as it is involved in feedback loops to ensure proper
decision making.
7. In vivo and in vitro analysis of metazoan proteins
It is exciting to see the effects of disruptions within the Hsp90 sys-
tem in vivo and the consequences these inﬂict on the growth and de-
velopment of the model system. Certainly, more involvements of
either Hsp90 or its cofactors will be uncovered in the future. Ge-
nome-wide approaches are performed to identify homozygous nem-
atode knockout strains for non-essential genes and heterozygous or
temperature-sensitive strains for essential genes [132–134]. Further-
more, dsRNA encoding plasmids have been generated for close to 90%
of the nematode genes and thus a wealth of knockdown data on a ge-
nome wide level is available [135,136]. Based on these studies, it can
already be concluded that several of the cofactors, like p23 and Hop/
Sti1, can be fully knocked out without lethal effect on the organism
[121,132]. Mutations in CHIP or Unc45 instead generate developmen-
tal phenotypes [29,137].
Based on these resources, it is principally possible to connect in
vivo and in vitro approaches, by rescuing a phenotype through the
expression of either the wildtype protein or a modiﬁed version.
Thus, the functionality of a mutant protein is also addressable in
vivo. This has been applied to study Hsp90 variants. Full reversion
of the phenotype of a Hsp90 knockout strain was obtained by bring-
ing in the C. elegans Hsp90 gene, while several Hsp90 variants from
other nematode species could not reverse the phenotype of the
Hsp90 knockout in C. elegans [79]. The consequent application of
these systems thus allows studying engineered point mutants of
Hsp90 with the aim to understand the mechanistic implications of
Hsp90 functionality in nematodes.As a further way to analyze protein activities in vivo, overexpres-
sion of ﬂuorescently tagged proteins allows observing their subcellu-
lar localization. One such example is the cofactor p23 in C. elegans.
This protein apparently is not essential under normal growth condi-
tions as homozygous knockout strains were successfully generated.
Overexpressed ﬂuorescently-tagged p23 nevertheless compromises
muscle structure and accumulates at the myoﬁbrillar lattice [138].
These microscopically observable effects might consequently be uti-
lized to study protein functions in the cellular environment and ad-
dress the impact of an introduced mutation.
It is also noteworthy that the readily available collections of meta-
zoan cDNAs allow studying the proteins and their operation in the ab-
sence of the complex organism. Genome-wide two-hybrid experiments
revealed networks of protein–protein interactions for the nematode
and Drosophila proteomes [139,140]. Studying these online accessible
networks for C. elegans reveals a wealth of information on potential
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ditional kinases (SPK-1, GCK-1) and nuclear hormone receptors (NHR-
67, NHR-51), which were found to be interactors of Hsp90.
Finally, the direct biochemical analysis of puriﬁed proteins has
been performed for Drosophila and nematode Hsp90 systems. Studies
aimed at understanding the biochemical mechanism of the cofactor
Hop/Sti1, which despite the absence of N-terminal domains appears
functional in most aspects regarding the interaction with Hsp90
[24,25]. It further has been shown, that the activity of the cofactors
concerning the interaction with Hsp90 and their inﬂuence on the en-
zymatic turnover is well conserved [141]. Additionally, the binding of
Sgt1 and FKB-6 to the highly conserved C-terminal MEEVD-motif of
Hsp90 was conﬁrmed, implying that also TPR-containing cofactors in-
teract with Hsp90 in a conserved manner [142,143].
Thus, while large parts of the biochemistry may be conserved be-
tween yeast, the metazoan model proteins and human proteins, the
wealth of well observable traits in combination with the potential
to study protein functionality in these model systems provides a plat-
form that allows addressing the mechanistic aspects of protein–pro-
tein interactions and their inﬂuence on the organismal development.
8. Conclusion
While the analysis of Hsp90 functions in metazoan model systems
is progressing, it is already becoming clear that the originally proposed
involvement of the Hsp90 machinery in the chaperoning of many cli-
ent proteins is overall conserved in all three systems discussed in this
review. Hsp90 is apparently not associated with simple phenotypic
traits originating from one deﬁned function. Instead, many processes
during development and also during the adult life phase require
Hsp90 for proper performance. It is fascinating to see, how speciﬁc ac-
tivities in the context of many deﬁned client proteins can be uncov-
ered and how the complexity of these interaction networks may lead
to the variability in phenotypic traits that were originally described
for Hsp90 in fruit ﬂies. Whether all these effects of Hsp90 can be dis-
cerned and understood in their complexity and separated from one
another remains to be seen. This aim may be difﬁcult to achieve for
Hsp90 given the coupling of various involved processes during the de-
velopment of one interconnected organism. The function of the cofac-
tors, however, might be more speciﬁc. The analysis of individual
cochaperones like applied for Cdc37, Hop/Sti1 and Unc45 may ulti-
mately reveal the different aspects of Hsp90 involvement on a more
speciﬁc basis andmay enable the understanding of the Hsp90machin-
ery during the different stages of development in multicellular model
systems. It is the relative simplicity of these models that makes these
analyses possible. Considering that many of the Hsp90 client interac-
tions are conserved between nematodes, ﬂies and vertebrates, it is
likely that the unraveled activities of Hsp90 can be encountered
again in the much more complex mammalian organism.
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